Abstract Schizophrenia is considered to be a disorder of brain connectivity, which might result from a disproportionally impaired rich-club organization. The rich-club is composed of highly interconnected hub regions that play crucial roles in integrating information between different brain regions. Few studies have yet investigated whether the structural rich-club organization is impaired in patients and their first-degree relatives. In this study, we established a weighted network model of white matter connections using diffusion tensor imaging of 19 patients and 39 unaffected parents, 22 young healthy controls for the patients, and 25 old healthy controls for the parents. Feeder edges between rich-club nodes and non-rich-club nodes were significantly decreased in both schizophrenic patients and their unaffected parents compared with controls. Furthermore, the feeder edges showed significant positive correlations with the scores in Category Fluency Testanimal naming in the unaffected parents. Specific feeder edges exhibited discriminative power with accuracy of 84.4% in distinguishing unaffected parents from old healthy controls. Our findings suggest that impaired richclub organization, especially impaired feeder edges, may be related to familial vulnerability to schizophrenia, possibly reflecting a genetic predisposition for schizophrenia.
Introduction
Schizophrenia is a serious neuropsychiatric disease characterized by complex phenotypes including positive, negative, and cognitive symptoms [1, 2] . Dysfunctions in cognition (attention, memory, executive function, and information integration) have a significant impact on patients' functional status. Schizophrenia is a highly heritable disorder with an estimated heritability of *81% [3, 4] , implying a significant role of genetic factors in its pathogenesis. Previous studies have shown that impaired cognitive function in schizophrenia is related to familial risk [5, 6] .
With the development of diffusion tensor imaging (DTI) and the application of graph theoretical analysis, recent connectome studies have demonstrated that hubs exist in the human brain and are densely interconnected to form a central 'rich-club' organization [7] [8] [9] , which is thought to be essential for the global efficiency of information transfer. Rich-club connectivity and nodes also play crucial roles in neural signaling and are involved in different functional subdomains of the human brain [9, 10] .
Schizophrenia is considered to be a disorder of brain connectivity [11] [12] [13] [14] [15] . Investigators have shown widespread impairment of the white matter (WM) connectivity in schizophrenic patients [14, 16, 17] , and further research has discovered reduced global efficiency and impaired integrity in the frontal and temporal cortex at the system level [18] [19] [20] . Studies have shown that the rich-club topology in schizophrenia is destroyed, and greater reductions in richclub strength are associated with a lower level of network efficiency, an evident alteration of functional dynamics, and a worse outcome [9] .
Recently, a new focus on the relationship between familial vulnerability to schizophrenia and brain network connections has gained increasing attention. Given that the unaffected relatives of patients often show network alterations paralleling those in affected probands [21] [22] [23] [24] , a reasonable hypothesis has been proposed that the potentially heritable aspects of rich-club organization may also be present in unaffected first-degree relatives, resulting in a significantly higher risk of schizophrenia than the general population. To test this hypothesis, Collin et al. [25] showed that unaffected siblings have a similar but milder pattern of rich-club organization abnormality compared with schizophrenic patients, suggesting that the abnormal rich-club connectivity is associated with the familial risk of schizophrenia. However, few studies have revealed the brain network connections in patients with schizophrenia and their unaffected parents. We previously demonstrated compromised small-world efficiency of structural brain networks in schizophrenic patients and their unaffected parents [26] . In the present study, we used a different approach to examine the rich-club organization in schizophrenic patients and their unaffected parents, and attempted to define the pathological pattern of change and identify the potential discriminability of rich-club organization in the unaffected parents of schizophrenic patients. The network-based statistic (NBS) method was also used to reveal specific connections in the rich-club organization associated with the heritability of schizophrenia [27] . The relationship between disease-related cognitive function and rich-club organization was also investigated.
Materials and Methods

Participants
Twenty-five nuclear families with schizophrenic probands, and 50 normal controls who reported no first-or seconddegree relatives with schizophrenia and well-matched for age and sex with the patients or their parents, were recruited through the Institute of Mental Health, Peking University. Eighteen participants were excluded because of non-cooperation with the scan or contraindications for magnetic resonance imaging (MRI). Finally, 105 individuals entered subsequent analysis: 19 schizophrenic patients (SCH), 39 unaffected parents (SCHP), 22 young healthy controls for the SCH group (HC1) and 25 old healthy controls for the SCHP group (HC2). All participants had been enrolled in our previous fMRI study which approached a different issue using a different method [26] . Patients with schizophrenia all met the ICD-10 diagnostic criteria for paranoid schizophrenia [28] , which was ensured by two psychiatrists. All patients were receiving antipsychotic medications when scanned, and the dosages were converted to the equivalent dose for chlorpromazine [29] . Patients treated with electroconvulsive therapy within 6 months or with a history of serious medical illness were excluded. None of the healthy controls reported having first-or second-degree relatives with schizophrenia spectrum disorders. All participants were assessed to be right-handed using the Edinburgh Handedness Inventory [30] and had no intracranial pathology, a history of head injury, neurological disorder, or alcohol/substance abuse.
The demographic and clinical characteristics of the participants are listed in Table 1 . This study was approved by the Medical Ethics Committee of the Institute of Mental Health, Peking University. We informed all participants about the purposes and procedures of the study, and all participants gave written consent.
Assessment of Symptomatology and Cognitive Function
The severity of symptoms was evaluated by two experienced psychiatrists using the Positive and Negative Syndrome Scale (PANSS) [30] within one week of MRI scanning.
Three cognitive fields were chosen: (1) Processing speed of word information assessed by Category Fluency Testanimal naming (CFT) [31] . Participants were asked to name as many animals as possible in 1 minute. A higher number of correct answers reflects a faster processing speed. (2) Executive function was assessed with the Tower of Hanoi (TOH) [32] . The time to finish the TOH task was used as the main assessment index, the faster the better. (3) Memory was assessed as the memory quotient (MQ) from the Wechsler Memory Scale-Chinese Revised [33] . A high score indicates better memory.
Data Acquisition
All participants were scanned in a 3.0-Tesla Magnetom Trio MRI scanner (Siemens Medical System, Erlangen, Germany) at the Department of Radiology of the Third Hospital, Peking University. T1-weighted images were acquired in a sagittal orientation using a 3D-MPRAGE sequence with the following parameters: repetition time (TR) = 2350 ms; echo time (TE) = 3.44 ms; slice thickness = 1 mm; flip angle = 7°; matrix size = 256 9 256; field of view (FOV) = 256 9 256 mm 2 ; 192 slices; and acquisition voxel size = 1.0 9 1.0 9 1.5 mm 3 . For the diffusion imaging scans, a single-shot echo-planar imaging-based sequence was applied with the following parameters: TR = 5300 ms; TE = 92 ms; thickness/gap = 3/0.3 mm; matrix = 128 9 128; FOV = 230 9 230 mm 2 ; acquisition voxel size = 1.8 9 1.8 9 3.0 mm 3 ; number of excitations = 2; slices = 40; 64 diffusion directions with b = 1000 s/mm 2 ; and an additional image without diffusion weighting (i.e., b = 0 s/mm 2 ).
Data Processing
Diffusion Tensor Image Preprocessing and Tractography
All the DTI data preprocessing and analyses described below were conducted using the Pipeline for Analyzing Brain Diffusion Images (PANDA, http://www.nitrc.org/ projects/panda) [34] , which makes use of commands in FSL (http://fsl.fmrib.ox.ac.uk/fsl) and the Diffusion Toolkit. First, eddy-current distortions and head-motion artifacts of the diffusion image of each participant were corrected by co-registering each diffusion-weighted image to the b0 image using an affine transformation. The diffusion gradient directions were also adjusted accordingly.
Second, the tensor matrix and the diffusion tensor matrices were estimated voxel by voxel. Third, deterministic tractography was performed in the native diffusion space to obtain whole-brain WM tracts using the fiber assignment continuous tracking algorithm. The seed location was set in the center of each voxel. The tracking of each fiber terminated if the turn angle was [45°or entered a voxel with a fractional anisotropy (FA) \0.2.
Brain Network Construction
All steps of the network construction were also implemented in PANDA, and the detailed procedures are described below.
Network Node Definition To eliminate a prior anatomical bias and obtain an elaborate parcellation of the brain, the random 1024 template in PANDA was used to divide the cerebral cortex into 1024 regions, each representing a node of the cortical network. Briefly, individual T1-weighted images were co-registered to the FA images in the DTI space using an affine transformation. The T1 images were then nonlinearly transformed to the ICBM152 averaged T1 template in MNI (Montreal Neurological Institute) space. The inverse nonlinear transformations were then used to warp the 1024-label atlas from the MNI space to individual DTI space by a nearest-neighbor interpolation method.
Network Edge Definition To define the network edges, two regions were considered structurally connected only if the two end-points of at least one fiber were located in each of them. The mean FA value of the connected fibers between 2 regions was defined as the weights of the network edges.
Rich-Club Analysis
To describe the rich-club organization of the structural network, we computed the rich-club coefficient according to van den Heuvel and Sporns [15] . All network analyses were performed using GRETNA (GRaph thEoreTical Network Analysis) software (http://www.nitrc.org/pro jects/gretna/) [35] and the results were visualized using BrainNet Viewer software (https://www.nitrc.org/projects/ bnv/) [36] . The detailed definition of rich-club organization was as follows. To identify the rich-club regions of the WM structural networks, we constructed the backbone network by detecting the significant nonzero connections across all participants in each group, with a nonparametric one-tailed sign test (P \ 0.05, corrected). Based on each backbone network, the hub regions were defined as the regions with number of edges [mean? 2 9 SD. Then, the rich-club coefficient (RC) and normalized RC were calculated for the backbone network, according to van den Heuvel and Sporns [15] . For the weighted networks, the RC / w (k) is defined as:
with E [k denoting the subset of edges between the hub nodes with a degree [k. In our study, k = mean ? 2 9 SD, W [k denotes the total sum weights in the total network, with weights W representing the number of fiber streamlines of the edges. /(k) was normalized relative to the / random (k) of a set of comparable random networks (n = 1000) of equal size and degree sequence, giving a normalized RC / norm k ð Þ ¼ / random k ð Þ. On the basis of the categorization of the nodes into hub and non-hub regions, edges of the network were classified onto rich-club connections, linking hub nodes to hub nodes; feeder connections, linking hub nodes to non-hub nodes; and local connections, linking non-hub nodes. Finally, the connection strengths of rich-club, feeder, and local connections were calculated for each participant.
Statistical Analysis
For the cognitive assessment and topological organization of the network, an analysis of covariance model with diagnostic group as the fixed variable was performed separately between the patients, unaffected parents, and their respective controls. Age and sex were included as covariates in order to exclude their potential effects. We further calculated the partial correlation analysis between the network metrics and clinical measures/cognitive performances which showed significant between-group differences using age and sex as covariates. All statistical analyses were performed using SPSS version 17.0 (SPSS Inc., Chicago, IL) and a significance level at P \ 0.05 was used.
NBS Analysis
To localize the specific rich-club organization in which the structural connectivity differed between each pair of groups, we used the NBS approach separately in the abnormal types of edges in the rich-club organization. Briefly, for each type of edge with a significant diagnostic effect (rich-club and feeder edges), a primary clusterdefining threshold was first used to identify suprathreshold connections, within which the size (i.e., number of edges) of any connected components was then determined. A corrected P value was calculated for each component using the null distribution of maximal connected component size, which was derived empirically using a nonparametric permutation approach (10,000 permutations). Notably, before the permutation tests, multiple linear regressions were applied to remove the effects of age and sex. For a detailed description, see Zalesky et al. [27] .
Receiver Operating Characteristic (ROC) Analysis
To further explore the discriminating power of the richclub organization, we performed ROC analysis [37] . Specifically, the disrupted sub-network was localized by the NBS approach separately in each of the two groups. We calculated the average value of the decreased edges of each whole sub-network. Then, these average values were used in ROC analysis to test the predictive power of distinguishing SCH and SCHP from controls. The ROC curve was generated using sequential thresholding on the metric of each participant. The x axis of the ROC curve is 1-specificity, in which the specificity is the proportion of the controls who were classified correctly. The y axis of the ROC curve is the sensitivity, which is the proportion of the SCH/SCHP who were classified correctly. The accuracy is defined as the proportion of subjects who were classified correctly into the control or SCH/SCHP group. For each point in the ROC curve, there is an accuracy combining a sensitivity and a specificity. The point in the northwest represents both the highest sensitivity and specificity, and therefore the highest discriminating accuracy.
We used a relatively strict threshold for the global metric at P \ 0.01. And to correct for multiple comparisons in the edge analysis, an NBS corrected approach was used to give each component a corrected P at a threshold of P = 0.05.
Results
Demographic, Clinical, and Cognitive Characteristics
All patients were in the acute stage with symptoms of moderate severity and above. Because only the paranoid subtype was recruited, all patients were mainly characterized by positive symptoms. There were no significant differences in age and sex between the schizophrenic patients, unaffected parents, and their respective controls. Compared with the normal controls, schizophrenic patients and their unaffected parents showed significantly lower cognitive scores in CFT and MQ (P \ 0.05; Table 1 ).
Disrupted Rich-Club Organization
Based on the structural backbone network, similar hub distributions were found in all four groups, mainly in the bilateral posterior cingulate cortex (PCG), precuneus cortex (PCUN), middle temporal gyrus (MTG), and middle occipital gyrus (MOG), as well as subcortical nodes in the thalamus (THA), insula (INS), and caudate (CAU) regions (Fig. 1A) . All four groups showed dominant rich-club organization with an RC coefficient [1 (normalized RC in HC1 = 1.35, in SCH = 1.28, in HC2 = 1.37, and in SCHP = 1.30). But disrupted connection strength was found in different types of edges in the rich-club organization related to schizophrenia. The rich-club edges linking richclub nodes were significantly decreased in SCH patients compared to their normal controls. And the feeder edges connecting rich-club nodes and non-hub nodes were significantly decreased both in SCH patients and their unaffected parents compared to their corresponding controls (Fig. 1B) .
The NBS identified specific disrupted edges with lower connection strength in patients and unaffected parents compared to their normal controls. In schizophrenic patients, 12 rich-club connections between 13 nodes were decreased (P \ 0.05, NBS corrected, Fig. 2) ; these mainly connected the bilateral CAU, right AMYG, bilateral THA, left median cingulate and paracingulate gyri (DCG), and right PCUN; and 11 feeder connections between 13 nodes were disrupted, mainly in the right AMYG, right PCUN, left DCG regions, left PCG, and left INS regions (P\0.05, NBS corrected, Fig. 2 ). In unaffected parents, the decreased feeder edges were specific to 7 edges connecting 9 nodes mainly in the left inferior frontal gyrus, triangular part, left Rolandic operculum, left INS, right precentral gyrus (PreCG), and right paracentral lobule (PCL) regions (P \ 0.05, NBS corrected, Fig. 2 ).
Correlation of Rich-Club Measures with Cognitive Function and Clinical Measures
The correlations between cognitive scores and three types of edge in the rich-club organization were investigated. The CFT score showed a positive correlation with the connection strength of rich-club edges in SCHs (r = 0.6, Fig. 1 A Similar hub distributions in all four groups: mainly located in the bilateral posterior cingulate cortex, precuneus cortex, middle temporal gyrus, and middle occipital gyrus, and subcortical nodes in the thalamus, insula, and caudate regions. B The rich-club edges were decreased in SCH patients compared to their normal controls (P \ 1910 -4 ). The feeder edges were decreased both in SCH patients (P \ 1910 Fig. 3 ). In SCHs, we found a positive linear relationship between the connection strength of feeder edges and age at disease onset (r = 0.519, P = 0.033), and a negative linear relationship between connection strength of feeder edges and course of illness (r = -0.588, P = 0.013).
No significant correlations were found between richclub connectivity and symptom severity/medication.
Results of ROC Analysis
To distinguish SCH from HC1, the average value of all connections within the sub-network containing rich-club and feeder edges, which was calculated using the NBS approach, showed the highest prediction accuracy (92.7%). To differentiate SCHP from HC2, the average value of all connections within the sub-network containing feeder edges, using the NBS approach, represented the highest discriminative power (accuracy 84.4%) (Fig. 2B) .
Discussion
Using connectome-based graph theoretical analysis combined with diffusion imaging, we found impaired rich-club and feeder edges in schizophrenic patients and a similar decrease in connection strength in feeder edges in their unaffected parents. Fig. 2 Network-based statistic (NBS) results. A In schizophrenic patients (SCH), 12 rich-club connections between 13 nodes were decreased (P \ 0.05, NBS corrected) and 11 feeder connections between 13 nodes were disrupted (P \ 0.05, NBS corrected). In unaffected parents (SCHP), the decreased feeder edges were specific to 7 edges connecting 9 nodes (P \ 0.05, NBS corrected). B Disrupted rich-club and feeder edges exhibited better discriminative power with an accuracy of 92.7% in distinguishing SCHs from young healthy controls (HC1). For differentiating SCHPs from old healthy controls (HC2), the feeder edges identified by NBS improved the discriminative power with an accuracy of 84.4%. Fig. 3 The CFT score showed a positive correlation with connection strength of rich-club edges in SCH patients (r = 0.60, P = 0.01) and of feeder edges in the SCHP group (r = 0.35, P = 0.035).
Recent structural network studies focusing on rich-club organization have provided evidence implicating disrupted hub organization in the topological disturbances associated with schizophrenia [8] . Moreover, functional studies have found reduced levels of functional coupling and disrupted low-frequency power of rich-club regions in patients [38, 39] . In our study, similar hub distributions were found in all four groups, mainly located in the bilateral PCG, PCUN, MTG, and MOG, and subcortical nodes in the THA, INS, and CAU, consistent with the findings from previous studies [15, 40, 41] . This result showed that even when structural connections between brain regions are widely damaged in schizophrenia, the major distribution of hub structure in the WM remains stable. Consistent with a previous study, the connectivity strength among frontal, parietal, and insular hub connections was most strongly affected in schizophrenia compared to healthy controls [9] . In the current study, we found decreased connection strength of rich-club edges between hub regions of the bilateral CAU, right AMYG, bilateral THA, left DCG, and right PCUN; and decreased feeder connections with hub regions of the right AMYG, right PCUN, left DCG, left PCG, and left INS. Reduced connectivity in sub-networks of the frontal, parietal, and subcortical regions has been reported frequently in schizophrenic patients [16-18, 42, 43] . Because the ''rich-club'' and ''non-richclub'' nodes might have different roles and relative importance for neural function, the different impaired pattern of rich-club organization in the brain regions of schizophrenic patients [44] might provide new insight into the pathogenesis of schizophrenia. Moreover, in unaffected parents, we found the decreased connection of feeder edges mainly within the left INS and IFG, right PreCG, DCG, and right PCL regions. Connectivity between hubs of the PreCG is known to be decreased in patients [25] . A previous study pointed out that regional centrality in the INS is reduced in schizophrenic patients [42] . Our results showed the regional damage of the brain has some hereditary basis and a potential genetic mechanism in schizophrenia should be further explored.
The main finding of this study was the impaired WM structural rich-club organization in schizophrenic patients and their unaffected parents, i.e., decreased connection strength of feeder edges. Previous WM structural network studies have shown an altered overall network organization and decreased connectivity density of the central rich-club in patients with schizophrenia [45] [46] [47] [48] . And impaired richclub connectivity has also been reported in unaffected siblings of schizophrenic patients [25] . In addition, a recent study showed that, besides siblings of patients, clinically high-risk subjects also show significantly altered structural rich-club organization, and this disruption is associated with the severity of negative psychotic symptoms in such subjects [49] . The decreased feeder edges in both SCHs and SCHPs in our study showed that impaired rich-club organization may be related to familial vulnerability to schizophrenia and further suggested that the disease may show heritable impaired connections between hub and nonhub regions. The pattern of feeder edges appeared to dramatically decline in SCHPs, different from the decreased strength of rich-club edges in schizophrenic siblings [25] . Although they are both first-degree relatives of patients, the cause of the discrepancy may be methodological variation or internal differences in gene dosage that may need further study. Together with previous evidence, our findings suggest that abnormal feeder edges provide a potential endophenotypic marker for schizophrenia.
Genetic influences in the etiology of schizophrenia have been firmly established [50, 51] and structural brain abnormalities may be related to the familial risk for schizophrenia. Furthermore, recent studies have shown that the offspring of schizophrenic patients show reduced connectivity, decreased global efficiency, and fewer hub regions [43, 52] . Twin and family studies have shown that the organization of structural brain networks is influenced by genetic factors [53] [54] [55] . Study of the unaffected parents of schizophrenic patients provides a means of understanding whether there are abnormal brain connections in individuals at increased genetic risk but unaffected by schizophrenia. Our previous study has shown that global efficiency tends to be lower in the parents of patients than in matched controls [26] . The current finding is consistent with the results of previous structural network studies, in which unaffected first-degree relatives show a pattern of brain abnormalities similar to those in schizophrenic patients [46, 56] . All of the findings indicate that an abnormal rich-club connectome in schizophrenia reflects an inherited susceptibility to the disease, and genetic influences on the anatomical disorganization of brain networks might increase an individual's vulnerability to schizophrenia.
Of note, the disrupted feeder connections in SCHPs differed from those in SCHs. Because the hub distribution was not exactly the same in SCHs and SCHPs, the richclub and feeder connections cannot be identical in the two groups. Therefore, it is understandable that we found different abnormal edges when we specified the abnormal edges in each group using the NBS method. Schizophrenia is a complex genetic disease, and the effect of susceptibility to disease on structural connections may not be completely consistent in patients and their parents. The impaired feeder connections in patients and their parents may be an overall effect of different susceptibility genes on brain connectivity. Nevertheless, how these genes affect the structural network still needs further study. Given that we are concerned with the topological organization of the network, the inconsistent specific abnormal edges in patients and their unaffected parents do not affect our main results and conclusion, i.e., the impaired feeder connectivity is related to a familial risk of schizophrenia.
Significant correlations between the connectivity strength of rich-club connectivity and CFT scores were found in both SCHs and SCHPs. Specifically, the positive correlation between CFT scores and rich-club edge connectivity (r = 0.6, P \ 0.01) and feeder edge connectivity (r = 0.35, P = 0.035) was found in SCHs and SCHPs, respectively. That is to say, a slower word information processing speed was associated with a more serious impairment in the structural connectivity of rich-club edges in patients and that of feeder edges in unaffected parents. Previous studies have shown that impaired rich-club organization in patients may contribute to reduced integration of information among different systems of the human brain [9, 57] . Considerable evidence has shown that deficits in regions that rely on the rapid and efficient assimilation of information in schizophrenic patients might lead to slow cognitive processing [15] . The connectivity of rich-club and feeder edges was decreased in patients with schizophrenia. However, only decreased feeder edge connectivity was the neuroimaging phenotype shared between patients and their parents in the current study. The impaired cognitive function in schizophrenia has been demonstrated to be related to familial risk [58, 59] . Therefore, the change of feeder edge connectivity might be the substrate of the impaired ability of word information processing in unaffected parents.
In addition, the feeder edge connectivity was positively correlated with age at disease onset and negatively correlated with the course of illness in schizophrenic patients; that is to say, the earlier the disease appeared and the longer the course, the more seriously the structural connectivity of feeder edges was impaired. Although previous studies have reported a relationship between negative symptoms and richclub organization [49, 60] , we found no correlation between any network measure and symptom severity. The lack of a significant relationship between negative symptoms and rich-club organization may be due to the fact that only paranoid schizophrenic patients were recruited, and the sample size was relatively small. Further studies are needed to clarify the relationship between the altered rich-club organization and the symptoms in schizophrenia.
The specific properties of network organization play important roles in brain function, and their alterations might provide clinically useful diagnostic markers for neuropsychiatric disease. The results of ROC analysis showed that, the sub-network containing rich-club and feeder edges showed the highest prediction accuracy (92.7%) in distinguishing SCH from HC1, while the sub-network containing feeder edges represented the highest discriminative power (accuracy, 84.4%) in differentiating SCHP from HC2. Altered connections between different edges showed the potential power to serve as a biomarker in diagnosis of the disease and the characteristic heritable impairment of schizophrenia. We emphasize that the prediction accuracy was limited in the current sample, and whether this accuracy can be generalized to other novel samples is unknown. In future, we will collect an independent dataset to validate the diagnostic power of the identified connections.
There were some limitations that must be considered in interpreting our results. First, our special participants need to be considered. There may be some heterogeneity among first-degree relatives in terms of genetic predisposition for schizophrenia. To extract this heterogeneity, we need to apply an obligate carrier study in which the unaffected relatives who appear to transmit a genetic predisposition to their affected children are classified as presumed obligate carriers. Due to the limited number of participants, we had to lay aside the classification of the parents of patients. Second, all the patients in our study were taking antipsychotic medications, and although the effect of antipsychotics on brain structure is controversial, treatment may influence structural connectivity. However, in the current study, no correlation between rich-club organization and antipsychotic dose was found, and we also found impaired feeder edge connectivity in the never-medicated parents of patients. Together, we may infer that medication usage had no significant influence on our results. Third, we cannot exclude the potential effect of special life-experiences, emotional state, and the stress of the special role of the unaffected parents, such as the stress of living with chronic schizophrenic patients. It is necessary to assess the life experiences and emotional state of unaffected parents in future work.
In summary, the present study provides further evidence that connectome abnormalities, especially impaired feeder connectivity, are associated with a familial risk, possibly reflecting a predisposition for schizophrenia. Furthermore, the connectivity pattern showed potential discriminative ability.
